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ABSTRACT 

An i n t e r a c t i v e  i n v i s c i d  c o r e  f low-boundary l a y e r  
method i s  p resen ted  f o r  t h e  c a l c u l a t i o n  o f  turhomachine 
channel  f l o w s .  F o r  t h i s  method, a one-dimensional 
i n v i s c i d  c o r e  f l o w  i s  assumed. The end-wall and b l a d e  
s u r f a c e  boundary l a y e r s  a r e  c a l c u l a t e d  u s i n q  an i n t e -  

2 g r a l  en t ra inmen t  method. The boundary l a y e r s  are 
% assumed t o  be  c o l l a t e r a l  and thus  a r e  two-dimensional. 
& The boundary l a y e r  equa t ions  a r e  w r i t t e n  i n  a stream- 

l i n e  c o o r d i n a t e  system. The streamwise v e l o c i t y  pro-  
f i l e s  a r e  approx imated b y  power law p r o f i l e s .  
C o m p r e s s i b i l i t y  i s  accounted f o r  i n  t h e  s t reamvise 
d i r e c t i o n  h u t  n o t  i n  t h e  normal d i r e c t i o n .  

Equa t ions  a r e  d e r i v e d  f o r  t h e  s p e c i a l  cases of 
c o n i c a l  and two-dimensional r e c t a n g u l a r  d i f f u s e r s .  
F o r  t h e s e  cases, t h e  assumptions o f  a one-dimensional 
c o r e  f l o w  and c o l  1 a t e r a l  boundary l a y e r s  a re  Val i d .  
R e s u l t s  u s i n g  t h e  method a r e  compared w i t h  experiment 
and good q u a n t i t a t i v e  agreement i s  ob ta ined .  
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INTRODUCTION 

I n  t h e  p r e l i m i n a r y  des ign  o f  t u rbomach ine ry  i t  
i s  necessary t o  e s t i m a t e  t h e  l o s s e s  i n  t h e  i n d i v i d u a l  
components. F o r  r o t o r s ,  s t a t o r s  and i m p e l l e r s ,  t h i s  
i s  u s u a l l y  done b y  u s i n q  e m p i r i c a l  c o r r e l a t i o n s  f o r  
channel  l osses  (e.q., s k i n  f r i c t i o n ,  d i f f u s i o n ,  e t c .  
(1 -4) ) .  
done b y  e m p i r i c a l l y  r e l a t i n g  t h e  d i f f u s e r  p r e s s u r e  
r e c o v e r y  c o e f f i c i e n t  t o  t h e  d i f f u s e r  geometry and 
i n l e t  f l o w  c o n d i t i o n s  (5,i). 
e s t i m a t i n g  t h e s e  losses  would be t o  c a l c u l a t e  t h e  
s u r f a c e  boundary l a y e r s  and f r o m  these  o b t a i n  a mass- 
averaged e s t i m a t e  o f  channel l osses .  However, many of  
t h e  p r e s e n t  methods f o r  c a l c u l a t i n g  boundary l a y e r s  
(e.g., t h e  code, BLAYER, r e f .  7 )  a r e  n o t  i d e a l l y  
s u i t e d  f o r  c a l c u l a t i n g  t h e  boundary l a y e r s  i n  t u r b o -  
machine f l o w  channels .  

F i r s t  o f  a l l ,  most boundary l a y e r  codes a r e  
w r i t t e n  f o r  e x t e r n a l  f lows,  t hus ,  t h e y  r e q u i r e  a 
s p e c i f i c a t i o n  o f  t h e  f ree-st ream v e l o c i t y  d i s t r i b u t i o n .  
Fo r  i n t e r n a l  f l o w s ,  t h e  v e l o c i t y  d i s t r i b u t i o n  i s  n o t  
known a p r i o r i  and thus  must be determined b y  an i t e r -  
a t i v e  procedure a long  w i t h  t h e  c o n t i n u i t y  e q u a t i o n  f o r  
t h e  assumed i n v i s c i d  c o r e  f l o w .  T h i s  can be a ve ry  
t i m e  consuming procedure e s p e c i a l l y  f o r  p r e l i m i n a r y  
d e s i g n  c a l c u l a t i o n s  where s e v e r a l  l e v e l s  o f  i t e r a t i o n  
must be performed. 

two-dimensional f l o w s  a long  f l a t  s u r f a c e s  and t h u s  
i g n o r e  any c o o r d i n a t e  c u r v a t u r e  terms ( i  .e., m e t r i c s ) .  
T h i s  can l e a d  t o  l a r g e  e r r o r s  f o r  some i n t e r n a l  chan- 
n e l  f l o w s  i n  which t h e  channel end w a l l s  a r e  converq- 
i n g  o r  d i v e r g i n g ;  e.g., nozz les  and d i f f u s e r s .  

There have been s e v e r a l  methods proposed t o  c a l -  
c u l a t e  t h e  per formance o f  s t r a i q h t - w a l  l e d ,  r e c t a n g u l a r  
t y p e  d i f f u s e r s  (4-%). 
dimensional  i n  n a t u r e  ( i .e . ,  t h e y  i g n o r e  end-wall  
e f f e c t s )  and a r e  l i m i t e d  t o  t h e  compu ta t i on  o f  incom- 
p r e s s i b l e ,  s t r a i g h t  c e n t e r - l i n e  d i f f u s e r  f l o w s .  These 
methods a r e  h i g h l y  developed and p r e d i c t  t h e  per form- 
ance o f  t h i s  c l a s s  o f  d i f f u s e r s  ve ry  w e l l  even i n t o  
t h e  s t a l l e d  r e g i o n s  o f  t h e  d i f f u s e r  maps. However, 
s i n c e  a l l  t h e s e  methods a r e  i t e r a t i v e ,  v iscous-  
i n v i s c i d  i n t e r a c t i o n  methods, t h e i r  r u n n i n g  t imes  can 
be much l o n g e r  t h a n  t h a t  o f  t h e  method proposed he re .  
T h i s  c o u l d  make them u n s u i t a b l e  f o r  use i n  compressor 
p r e l i m i n a r y  d e s i g n  codes. 

en t ra inmen t  method f o r  c a l c u l a t i n g  t h e  f l o w  f i e l d s  i n  
turbomachines has been developed. 
t a n e o u s l y  c a l c u l a t e s  t h e  f ree -s t ream v e l o c i t y  d i s t r i -  
b u t i o n  f r o m  an assumed one-dimensional c o r e  f l o w  
c o n t i n u i t y  e q u a t i o n  t o g e t h e r  w i t h  t h e  equa t ions  
d e s c r i b i n g  t h e  s u r f a c e  boundary l a y e r s .  
one pass t h r o u g h  t h e  f l o w  channel  i s  r e q u i r e d  t h e r e b y  
making t h e  method ve ry  f a s t .  The p r i m a r y  assumptions 
made f o r  t h e  boundary l a y e r  c a l c u l a t i o n s  a r e  t h a t  t h e  
f l o w  i s  b a s i c a l l y  two-dimensional and t h a t  t h e  bound- 
a r y  l a y e r  p r o f i l e  can be d e s c r i b e d  b y  a power law. 
The exponent i n  t h e  power l a w  i s  a l l owed  t o  va ry  as 
p r e s c r i b e d  b y  t h e  equa t ions  c f  mo t ion .  
i t y  i s  accounted f o r  i n  t h e  s t r e a m l i n e  d i r e c t i o n  h u t  
n o t  i n  t h e  d i r e c t i o n  normal t o  t h e  f l o w  su r faces .  
T u r b u l e n t  f l o w  i s  assumed everywhere u s i n q  t h e  semi- 
e m p i r i c a l  Ludwieg-Ti l lman r e l a t i o n  f o r  s k i n  f r i c t i o n .  
Approx imate methods f o r  c a l c u l a t i n q  t h r o u g h  r e g i o n s  o f  
f u l l y - d e v e l o p e d  o r  separated f l o w s  a r e  a l s o  presented.  
Comparisons a r e  made w i t h  exper imen ta l  d a t a  f o r  t h e  
cases of c o n i c a l  and r e c t a n g u l a r  d i f f u s e r s  and good 
agreement i s  demonstrated f o r  cases where no  separa- 
t i o n  i s  i n d i c a t e d .  F a i r  agreement i s  demonstrated i n  
separa ted  r e g i o n s  o f  t h e  f l o w .  

Fo r  d i f f u s e r s  ( c o n i c a l ,  r e c t a n g u l a r )  t h i s  i s  

i A more r i q o r o u s  way o f  

Also,  most boundary l a y e r  codes a r e  w r i t t e n  f o r  

These methods a r e  a l l  two- 

Fo r  t h e s e  reasons, a n o n i n t e r a t i v e  i n t e g r a l -  

The method s imu l -  

Thus, o n l y  

Compress ib i l -  



METHOD OF ANALYSIS Normal Momentum 

The method o f  a n a l y s i s  used t o  c a l c u l a t e  t h e  f l q w  
s u r f a c e  boundary l a y e r s  i n  t h e  channel  i s  an i n t e q r a l -  
en t ra inmen t  method. The method i s  s i m i l a r  t o  t h a t  
used f o r  t h e  c a l c u l a t i o n  of  end-wall  boundary l a y e r s  
i n  Ref. 12.  F o r  t h i s  a n a l y s i s ,  t h e  c o r e  f l o w  i s  
assumed t o  be one-dimensional and i s  desc r ibed  b y  t h e  
one-dimensional c o n t i n u i t y  and momentum equat ions.  

Two-Dimensional Boundary Layer  Method 
The f o l l o w i n q  assumptions a r e  made f o r  t h i s  

anal  ys i s : 

(1) The f l o w  i s  s teady and t u r b u l e n t  everywhere 
( 2 )  The f l u i d  i s  a p e r f e c t  gas 
( 3 )  The f l o w  i n  t h e  bour,dary l a y e r s  i s  two- 

d imensional ,  i .e.,  t h e r e  i s  no c r o s s f l o w  component o f  
v e l o c i t y .  
c o l l a t e r a l ,  i .e.,  t h e  f l o w  angle,  6 ,  i s  c o n s t a n t  
t h rouqh  t h e  boundary l a y e r .  

( 4 )  The channel f l o w  su r faces  a r e  a d i a b a t i c  
( 5 )  There i s  no d e n s i t y  v a r i a t i o n  i n  t h e  d i r e c -  

There fo re ,  t h e  boundary l a y e r s  a r e  a l s o  

t i o n  normal t o  t h e  channel boundar ies a l thouqh  t h e  
d e n s i t y  i s  a l l owed  t o  va ry  i n  t h e  s t r e a m l i n e  d i r e c -  
t i o n ,  i .e . ,  p = p ( x ) .  T h i s  app rox ima t ion  seems t o  
work w e l l  f o r  Mach numbers up t o  1.0 and s l i g h t l y  
beyond (12). F o r  h i g h  supersonic  f l ows ,  some o t h e r  
f o r m u l a t i o n  would have t o  be used. 

( 6 )  The boundary l a y e r  v e l o c i t y  p r o f i l e  i n  t h e  
s t r e a m l i n e  d i r e c t i o n  may b e  d e s c r i b e d  b y  the power-law 
equa t i o n  

where We, 6, and m a r e  f u n c t i o n s  o f  d i s t a n c e  along 
a s t r e a m l i n e ,  x, on l y .  The power law approx ima t ion  
adequa te l y  p r e d i c t s  p ressu re  r e c o v e r y  up t o  separat ion,  
a l t h o u q h  t h e  a c t u a l  p r o f i l e  d e v i a t e s  f rom t h e  power 
law approx ima t ion  more s i g n i f i c a n t l y  as s e p a r a t i o n  i s  
approached. 

To c o m p l e t e l y  s o l v e  t h e  problem, t h e  boundary 
l a y e r  t h i c k n e s s ,  6 ,  and t h e  boundary l a y e r  exponent, 
m, f o r  each s u r f a c e  boundary l a y e r  c a l c u l a t e d ;  t h e  
f ree -s t ream v e l o c i t y ,  We; and t h e  f ree-st ream p res -  
su re ,  d e n s i t y  and temperature must be determined. 
Thus, a t o t a l  o f  ( 4  + 2n) equa t ions  must be  s o l v e d  
where n i s  t h e  number o f  s u r f a c e  boundary l a y e r s .  

I f  a s t r e a m l i n e  c o o r d i n a t e  system i s  chosen ( w i t h  
x i n  t h e  s t r e a m l i n e  d i r e c t i o n ,  y i n  t h e  normal t o  
t h e  w a l l  d i r e c t i o n ,  and t i n  t h e  c r o s s f l o w  d i r e c t i o n  
c o m p l e t i n g  t h e  o r thogona l  t r i a d ) ,  t h e  boundary l a y e r  
equa t ions  f o r  mo t ion  can be w r i t t e n  as f o l l o w s :  

C o n t i n u i t y  

Momen t um 

a W X  a WX ap 1 
OW, ax + pwY ay - p r W 2  s i n  a cos = - - + -- 

ax r ay 

( 3 )  

( 4  

I n  Eq. ( Z ) ,  t h e  c u r v a t u r e  term, Ky, i s  d e f i n e d  as t h e  
c u r v a t u r e  o f  t h e  normal c o o r d i n a t e ,  y, i n  t h e  
t = c o n s t a n t  p l a n e  and t h e  c u r v a t u r e  term,  K t ,  i s  
d e f i n e d  as t h e  c u r v a t u r e  o f  t h e  t a n q e n t i a l  c o o r d i n a t e  
t, i n  t h e  y = c o n s t a n t  p lane.  The normal c o o r d i n a t e  
i s  assumed t o  be everywhere normal t o  t h e  f l o w .  

boundary l a y e r  w i t h  t h e  a d d i t i o n a l  assumpt ion t h a t  K t ,  
Ky, a, 6 and r a r e  i n d e p e v l e n t  o f  t h e  normal 
c o o r d i n a t e ,  y; t h e  f o l l o w i n q  e q u a t i o n s  r e s u l t :  

If Eqs. ( 2 )  and ( 3 )  a r e  i n t e q r a t e d  t h r o u q h  t h e  

( 5 )  

- p r 6 w 2  s i n  a cos B = - 6 - 
ax x w  (6) 

Equa t ion  ( 3 )  can a l s o  be e v a l u a t e d  for t h e  i s e n t r o p i c  
c o r e  f l o w  which r e s u l t s  i n  t h e  f o l l o w i n g  e q u a t i o n  

One a d d i t i o n a l  unknown was added i n  t h e  i n t e g r a t i o n  o f  
Eq. ( 3 ) ,  i .e.,  t h e  normal v e l o c i t y  a t  t h e  edqe o f  t h e  
boundary l a y e r ,  Wye, as shown i n  Eq. ( 6 ) .  T h i s  can 
b e  mode l l ed  u s i n g  Head's en t ra inmen t  r e l a t i o n  as was 
demonstrated i n  Ref. 12. The r e s u l t i n q  r e l a t i o n  i s  
g i ven b y  

U s i n g  t h e  v e l o c i t y  p r o f i l e  f r o m  Eq. (1) and p e r f o r m i n g  
t h e  i n d i c a t e d  d i f f e r e n t i a t i o n s  and i n t e q r a t i o n s ,  
Eqs. ( 5 )  t o  ( 8 )  can be combined t o  y i e l d  t h e  f o l l o w i n g  
equa t ions  

s i n  a COS B 2 
r Mu - (KY + Kt) (10) 

Equa t ions  ( 9 )  and (10) can be s o l v e d  i f  t h e  v a r i a t i o n  
i n  f r e e  s t ream v e l o c i t y ,  We, i s  known. A d e t a i l e d  
d e r i v a t i o n  o f  equa t ions  s i m i l a r  t o  Eqs. ( 9 )  and ( 1 0 )  
i s  shown i n  t h e  Appendix t o  Ref. 12. 

I n  o r d e r  t o  s o l v e  these  equa t ions ,  t h e  s k i n  f r i c -  
t i o n  c o e f f i c i e n t ,  c f ,  and t h e  en t ra inmen t  f u n c t i o n ,  
F, must be  eva lua ted .  The s k i n  f r i c t i o n  c o e f f i c i e n t  
i s  o b t a i n e d  f r o m  t h e  Ludwieg-Ti l lman r e l a t i o n  which i s  

3 



-0.268 e- Cf  = 0.246 ReG 
2 

where 

The en t ra inmen t  f u n c t i o n  i s  a f u n c t  
boundary l a y e r  shape f a c t o r  and was 
t o  b e  g i v e n  b y  

H2 = 1 + 2m. 

0.653 
F = 0.0306 (&) 

on o n l y  of  a 
shown i n  Ref.  1 2  

( 1 2 )  

The v a r i a t i o n  i n  t h e  f r e e  s t ream v e l o c i t v ,  We,  
can  b e  de te rm ined  i f  a one-dimensional c o r e  f l o w  i s  
assumed. 
f rom t h e  c o n t i n u i t y  equat ion f o r  t h e  c o r e  f l o w  wh ich  
c a n  he w r i t t e n  

I n  t h i s  case, t he  v e l o c i t y  can he determined 

A = pWeAb 

where Ab r e p r e s e n t s  t h e  unblocked channel a r e a  
normal  t o  t h e  f l o w .  

i n g  Eq. (13 )  r e s u l t s  i n  the  e q u a t i o n  
U s i n g  t h e  r e s u l t s  f rom Eq. ( 7 )  and d i f f e r e n t i a t -  

The s t a t i c  temperature o f  t h e  c o r e  f l o w  can be  
determined f r o m  t h e  energy equa t ion  f o r  t h e  c o r e  f l o w  
wh ich  i s  

where 

- T" = T '  1 - 2cp 

The s t a t i c  p r e s s u r e  and d e n s i t y  can  t h e n  be determined 
f r o m  e i t h e r  Eq. ( 7 )  and the  e q u a t i o n  o f  s t a t e  f o r  t h e  
c o r e  f l o w ,  o r  f r o m  t h e  i s e n t r o p i c  r e l a t i o n s  f o r  t h e  
c o r e  f l o w .  These equat ions t o q e t h e r  w i t h  Eq. (14 ) ,  
and Eqs. ( 9 )  and (10)  w r i t t e n  f o r  each boundary l a y e r ,  
t h e n  p r o v i d e  t h e  ( 4  + 2n) equa t ions  needed t o  s o l v e  
t h e  channel  f l o w  f i e l d .  

F u l l y  Developed and Separated F low 
When t h e  boundary l aye rs  f r o m  o p p o s i t e  w a l l s  o f  

a channel merge, an i s e n t r o p i c  c o r e  f l o w  no l o n q e r  
e x i s t s  and t h e  f l o w  i s  sa id t o  be  f u l l y  developed. I n  
t h i s  case, t h e  t h i n  shear l a y e r  assumption used i n  t h e  
d e r i v a t i o n  o f  Eqs. ( 2 )  t o  ( 4 )  i s  no  l o n g e r  v a l i d .  
However, i t  wou ld  be  use fu l  t o  c a r r y  o u t  t h e  c a l c u l a -  
t i o n s  a f t e r  t h e  f l o w  becomes f u l l y  developed. I n  
o r d e r  t o  do t h i s ,  some s i m p l i f y i n q  assumptions must 
b e  made. These a r e  as fo l l ows :  

a p p r o x i m a t e l y  t h e  f u l l y  deveioped f l o w  f i e l d .  

A l though  t h i s  i s  c o n s i s t e n t  w i t h  P r a n d t l ' s  m i x i n q  
l e n g t h  t h e o r y  o f  turbulence;  i n  r e a l i t y ,  i t  i s  n o t  
v a l i d  due t o  a nonzero shear s t r e s s  q r a d i e n t  a t  t h e  
c e n t e r l i n e .  

With t h e s e  assumptions and t h e  f a c t  t h a t  t h e  
en t ra inmen t  f u n c t i o n  equals ze ro  ( a s  can be  seen f rom 

(1) The boundary l a y e r  Eqs. ( 2 )  t o  ( 4 )  d e s c r i b e  

( 2 )  The c e n t e r l i n e  o f  t h e  f l o w  remains i s e n t r o p i c .  

t h e  d e f i n i t i o n  i n  E q .  ( 8 ) ) ,  and t h e  boundary l a y e r  
t h i c k n e s s  equa ls  h a l f  t h e  channel  h e i g h t ,  Eqs. ( 9 )  
and (14 )  can be  so l ved  as before.  

t h e  c a l c u l a t i o n  beyond an i n d i c a t e d  p o i n t  o f  houndary 
l a y e r  separa t i on .  T h i s  p o i n t  i s  u s u a l l y  determined b v  
a l i m i t i n g  va lue  o f  t h e  shape f a c t o r ,  
Once again, t h e  boundary l a y c r  Eqs. ( 2 )  t o  ( 4 )  become 
i n v a l i d  when t h e  boundary l a y e r  separates.  A lso,  t h e  
assumed power 1 aw p r o f i l e s  canno t  accu ra te1  y d e s c r i  h e  
a separa ted  f l o w .  However, c a l c u l a t i o n s  show t h a t  t h e  
p r e s s u r e  r e c o v e r y  and l o s s e s  can be  reasonab ly  n r e -  
d i c t e d  u s i n q  some s i m p l i f y i n q  assumptions. 
as f o l l o w s :  

l aw  p r o f i l e  rema in  v a l i d  f o r  separa ted  f l o w .  

I t  yo1.11d a l s o  be  u s e f u l  t o  b e  a b l e  t o  c o n t i n u e  

H7 = 1 + 2m. 

These a r e  

(1) The boundary l a y e r  Eqs. ( 2 )  t o  ( 4 )  and o o w w  

( 2 )  The s k i n  f r i c t i o n  c o e f f i c i e n t  qoes t o  zero.  
( 3 )  The en t ra inmen t  f u n c t i o n  reaches a l i m i t i n g  

va lue  chosen t o  be t h e  va lue  a t  t h e  s e p a r a t i o n  p o i n t .  
( 4 )  The shape f a c t o r  i s  a l l owed  t o  i n c r e a s e  

beyond t h e  s e p a r a t i o n  p o i n t .  
With t h e s e  assumptions, t h e  c a l c u l a t i o n s  c a n  

proceed beyond p o i n t s  o f  s e p a r a t i o n  o r  f u l l y  developed 
f l o w .  

Loss C a l c u l a t i o n s  
S ince  t h e  f l o w  i s  assumed t o  be  two-dimensional. 

t h e  l o s s e s  can be determined b y  a s i m p l e  mass averaq- 
i n g  procedure.  S ince  t h e  channel  e x i t  s t a t i c  p ressu re  
i s  determined i n  t h e  s o l u t i o n  o f  t h e  boundary l a y e r  
f l ow ,  a l l  t h a t  i s  needed i s  a s t a t i c  e n t h a l p y  c o r r e -  
spondinq t o  a mass-averaqed f l o w  i n  t h e  channel i n  
o r d e r  t o  c a l c u l a t e  t h e  mass-averaqed e n t r o p y  r i s e  f rom 
t h e  e q u a t i o n  

PA 

APPLICATIONS OF THE METHOD 

The method has been a p p l i e d  t o  t h e  cases o f  
c o n i c a l  and r e c t a n g u l a r  d i f f u s e r s .  I n  t hese  cases, 
t h e  assumpt ions o f  a one-dimensional c o r e  f l o w  and 
c o l l a t e r a l  boundary l a y e r s  a r e  v a l i d  a t  l e a s t  f o r  
nonseparated f l o w s .  

Con ica l  D i f f u s e r  
The b a s i c  geometry o f  a c o n i c a l  d i f f u s e r  i s  shown 

i n  F i g .  1. I n  o r d e r  t o  s o l v e  Eqs. ( 9 ) ,  (10)  and (14), 
t h e  c r o s s - s e c t i o n a l  area, Ab, and t h e  c u r v a t u r e s ,  
Ky and K t ,  must b e  determined.  The f l o w  area i s  
assumed t o  l i e  on  a s p h e r i c a l  segment as shown which 
i s  a p p r o x i m a t e l y  everywhere normal t o  t h e  f l o w .  The 
unblocked f l o w  a rea  i s  t hen  g i v e n  b y  

and t h e  a rea  t e r m  i n  Eq. ( 1 4 )  becomes 
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2 K - - + K  - 
2 - x  1 x 

The c u r v a t u r e  terms f o r  t h i s  case a r e  q i v e n  b y  

( 2 0 )  1 s i n  e K = K  - - = -  
y t - x  r 

Then f o r  t h i s  case, s i n c e  Mu = 0, and 

dsl m d6 + 6 dm 
a j ; - = 1 . m a ; ;  (1 + m)2- a;; 

E q .  ( 1 4 )  becomes 

1 dWe A1 
W e  dx - D1 
- - - -  

(21)  

( 2  + 3 K161) 2 2 Cf - 2Klm F + K1(l + 2m) 
X 

where A - - 1 -  

2 Ill = (1 - M e ) ( l  + K161) + 2K161(l + m ) ( l  + 2m) 

Equa t ions  ( 9 )  and ( 1 0 )  complete t h e  system o f  3 
equa t ions  i n  3 unknowns (We,m,6). The equa t ions  a r e  
s o l v e d  u s i n g  a f o u r t h - o r d e r  Runge-Kutta techn ique  ( 1 3 ) .  

R e s u l t s  u s i n g  t h i s  method have  been compared w x h  
e x p e r i m e n t a l  d a t a  f rom a wind- tunnel  d i f f u s e r  s e c t i o n  
(14) and w i t h  d a t a  f o r  c o n i c a l  d i f f u s e r s  (5) .  
F i q u r e s  2 t o  4 show comparisons o f  v e l o c i t y  p r o f i l e s ,  
s t a t i c  p r e s s u r e  c o e f f i c i e n t s ,  and d isp lacement  t h i c k -  
nesses a t  t h e  e x i t  o f  t h e  c r o s s - l e q  d i f f u s e r  o f  
Ref .  1 4  f o r  t h r e e  d i f f e r e n t  i n l e t  Reynold 's  numbers 
and Mach numbers. I n  a l l  cases t h e  agreement i s  qood. 
F o r  these  cases, t h e  boundary l a y e r s  remained at tached 
a c c o r d i n g  t o  t h e  a n a l y s i s .  F i g u r e s  5 ( a )  t o  ( d )  shows 
comparisons of  p ressu re  r e c o v e r y  c o e f f i c i e n t  f o r  sev- 
e r a l  a r b i t r a r y  cases o f  i n l e t  Mach number, b lockaqe,  
and cone a n g l e  f o r  t h e  c o n i c a l  d i f f u s e r  d a t a  of  
Ref .  5. A lmost  a l l  o f  t h e  d a t a  l i e  i n  a r e q i o n  where 
t h e  f l o w  would be expected t o  be separa ted  acco rd ing  
t o  t h e  a n a l y s i s .  
exper iment  and a n a l y s i s  i s  s t i l l  f a i r .  

However, t h e  agreement between 

Rec tangu la r  D i f f u s e r  
The geometry f o r  a r e c t a n g u l a r  d i f f u s e r  i s  shown 

i n  F i a .  6. F o r  t h i s  case. t h e  boundary l a y e r s  i n  t h e  
t a n g e n t i a l  ( b l a d e  t o  b l a d e )  and spanwise (hub t o  
shroud)  d i r e c t i o n s  cannot be assumed t o  be equal due 
t o  t h e  f a c t  t h a t  t h e  i n i t i a l  boundary l a y e r  t h i c k -  
nesses may be  unequal and t h e  f l o w  may become f u l l y  
developed i n  one d i r e c t i o n  o n l y .  
and spanwise boundary l a y e r s  must be c a l c u l a t e d  sepa- 
r a t e l y .  However, t h e  c o r e  f l o w  i s  s t i l l  assumed t o  
be one-dimensional. 

Thus, t h e  t a n q e n t i a l  

The unblocked f l o w  area f o r  t h i s  case i s  q i v e n  b y  

(231 Ab = ( b  - 261A)(2ex - 2 6 1 ~ )  

and t h e  t e r m  i n  Eq. ( 1 2 )  becomes 

d61T d 6 1 A  
- K 3 - K  2 T T - K l - Z -  

1 d% 
Ab dx 

where 

( 2 4 )  

2 K -  1 - I b  - P a l A )  

1 K -  
1T' 2 - (ex - 6 

e K -  
1T )  3 - (ex - 6 

The c u r v a t u r e  terms f o r  t h e  t a n g e n t i a l  boundary l a y e r s  
a r e  g i v e n  b y  

( 2 5 )  
K = -; 1 
y x K t = O  

The c u r v a t u r e  te rms  f o r  t h e  spanwise boundary l a y e r s  
a r e  g i v e n  b y  

(26 
K = O ;  K t = y  1 

Y 

Equa t ion  ( 1 4 )  can then  be expressed 

dWe AI + A2 + A, 
Tdx= D1 + D 

where AI = -2K24FT - 2K m 2 F 
1 A A  

J - (27 

Equa t ions  ( 9 )  and ( 1 0 )  w r i t t e n  f o r  b o t h  t h e  t a n g e n t i a l  
and spanwise boundary l a y e r s  t h e n  complete t h e  system 
o f  5 equa t ions  i n  5 unknowns (We,mA,6A,lITr,6~). 

R e s u l t s  u s i n g  t h i s  method have been compared 
w i t h  exper imen ta l  d a t a  f o r  r e c t a n q u l a r  d i f f u s e r s  ( 6 ) .  
A comparison o f  c a l c u l a t e d  and exper imen ta l  p r e s s u r e  
c o e f f i c i e n t s  f o r  s e v e r a l  a r b i t r a r y  cases o f  i n l e t  Mach 
number, b lockage,  and d i ve rgence  angle, e ,  i s  shown 
i n  F i g .  7 ( a )  t o  ( d ) .  The cases shown correspond t o  an 
i n l e t  aspect  r a t i o  o f  one; however, t h e  method i s  
a p p l i c a b l e  f o r  any a r b i t r a r y  i n l e t  aspect  r a t i o .  
cases were c a l c u l a t e d  assuminq equal  boundary l a y e r  
t h i c k n e s s e s  and exponents on t h e  i n l e t  vane s u r f a c e s  
and end w a l l s .  
between c a l c u l a t i o n  and exper iment  even thouqh t h e  
c a l c u l a t i o n s  i n d i c a t e  t h a t  a lmost  a l l  o f  t h e  d a t a  
shown l i e  i n  a r e g i o n  where t h e  f l o w  would be  
separated.  

CONCLUSIONS 

The 

The r e s u l t s  show f a i r  aqreement 

An a n a l y t i c a l  method has been developed t o  c a l -  
c u l a t e  boundary l a y e r s  and l o s s e s  i n  turbomachine 
f l o w  channels .  
compared w i t h  exper imen ta l  da ta  f o r  t h e  s p e c i a l  cases 
o f  c o n i c a l  and r e c t a n g u l a r  d i f f u s e r s .  Good arlreement 
i s  demonstrated f o r  t h e  f l o w  regimes where t h e  ana l -  
y s i s  i n d i c a t e s  no separa t i on .  F a i r  agreement i s  

R e s u l t s  u s i n g  t h i s  method have been 
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demonstrated f o r  t h e  pressure c o e f f i c i e n t s  c a l c u l a t e d  
i n  t h e  separa ted  r e g i o n s  o f  t h e  f l o w .  

S ince  t h e  method i s  a n o n i n t e r a t i v e  i n t e q r a l  
inethod, i t  i s  ve ry  f a s t  coinpared t o  o t h e r  methods o f  
a n a l y s i s .  Thus, i t  can be e a s i l y  adapted f o r  use i n  
p r e l i m i n a r y  des ign  o r  o f f -des iqn  codes f o r  t u r b o -  
machinery components. 
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